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Abstract 
In this study, the ability of the power-law wind model to reproduce a tropical vertical 
wind profile is investigated. Data from a one-year observation on an offshore island of 
Singapore, obtained using a lidar, are used to show that the power-law model profiles 
are unable to capture the pertinent features of the observed wind profiles. Two 
alternative profile models, one based on the free convection limit scaling and the other 
based on the arctangent function, are introduced and tested. The latter model, although 
lacking physical basis, is found to be superior in predicting the measured profiles. A 
systematic study of the seasonal and diurnal variations of the model parameters is 
presented and some practical implications of the results are also discussed. 
 





While the use of wind energy as a renewable energy source has seen substantial growth 
in many parts of the world [1,2], its potential remains relatively untapped in the deep 
tropics. There are two main reasons for this. First, wind speeds in the tropics, 
particularly near the equator between the 15° N and 15° S latitudes, are generally low 
and do not present a strong case for the deployment of contemporary large wind 
turbines. Second, the abundance of solar radiation in the tropics also means that solar 
energy is the more readily-accessible and thus preferred form of renewable energy in 
the region. Despite this, recent advances in the development of low-speed wind turbines 
are making the prospect of wind energy more appealing in the tropics. Developments 
in the area of small wind turbines for urban and microgrid applications are also opening 
up new opportunities where wind energy systems can be deployed [3,4]. As such, the 
growth of wind energy in the region can be expected to accelerate in the near future. 
 
Aside from wind energy, the knowledge of the wind characteristics is important in other 
areas such as for the calculation of wind loads on buildings and for the planning of 
airport infrastructure and terminal flight procedures. The depiction of local winds is 
also essential as a boundary condition for the numerical mapping of wind resources and 
pollution dispersion [5,6]. Most current methods and models used in the prediction of 
wind characteristics were developed based on experiments conducted in extra-tropical 
locations [7-10]. Unlike at the higher latitudes, atmospheric circulation in the tropics is 
primarily driven by direct solar heating. Geostrophic winds, which dominate much of 
extra-tropical weather, are almost non-existent due to the weak Coriolis force near the 
equator [11]. Many parts of the tropics also experience seasonal monsoon winds which 
change direction twice a year. In light of the different mechanisms that drive tropical 
weather, it is important to re-examine the validity of some of the methods and 




One particular wind characteristic of interest to wind engineers and atmospheric 
scientists is the vertical wind shear profile: the variation of wind speed with height. The 
conventional wisdom is that the higher you go, the stronger the winds. This 
characteristic is embodied in the widely-known and mathematically simple power-law 
profile [12], which predicts monotonically increasing wind speed with height. 
However, the power-law profile model does not explicitly account for the effects of 
atmospheric stability and surface roughness [13]. A more rigorous model which does 
account for these effects is the log-law profile with stability corrections first proposed 
by Monin and Obukhov in 1954 [14] and sometimes referred to as the Monin-Obukhov 
similarity theory (MOST). While the log-law model does explicitly account for 
atmospheric stability and surface roughness by accepting the relevant parameterisations 
as variables in the profile equation, the correct forms of the stability correction 
functions remain an open question for discussion and active research [7,15-17]. As of 
yet, no correction functions are universally applicable for all atmospheric conditions. 
Despite the inherent shortcomings of the power-law and log-law profile models, they 
are widely used for practical wind assessment applications [18-21] and the power-law 
profile is particularly convenient as a first-pass approximation for estimating wind 
speeds at various heights. We aim, in the present work, to construct an alternative for 
the power-law model which is valid in tropical regions while retaining its simplicity, 
thus distinguishing it from the more common MOST-based approach. 
 
This paper presents a data-driven study of the vertical wind shear profiles over an 
offshore island of Singapore. Located on the southern tip of the Malay Peninsula in 
Southeast Asia and at 1° north of the equator, Singapore experiences tropical weather 
patterns and is affected by the Asian monsoon. The aim is to investigate how well the 
power-law profile model represents the main features of the measured wind shear 
profiles and propose alternative empirical models that can better capture the shape of 
the observed profiles. Of the two alternative models introduced, one is based on the free 
convection limit scaling whereas the other, employing the arctangent function, is purely 
empirical and does not have a physical basis. The paper is structured as follows: The 
next section provides a description of the existing and proposed wind shear profile 
models. Section 3 gives a description of the observation site and its meteorology, as 
well as the steps taken to process and analyse the data. Section 4 presents the results 
and discussion. Finally, Section 5 concludes the paper. 
 
 
2. Wind shear profile models 
 
2.1 Existing wind shear profile models 
 
2.1.1 Power-law profile 
 
The power-law profile model [12] is a well-known vertical wind shear profile that 
allows the wind speeds at different heights to be easily extrapolated from a single 
measurement at some reference height, usually at 10 m. The profile is given by: 




where u and z denote the wind speed and vertical height, respectively, and α is the shear 
coefficient. The term uref denotes the measured reference wind speed at the reference 
height zref. The profile has the advantage of being simple to manipulate mathematically 
and it contains only a single parameter, α, which controls the shape of the profile curve. 
A commonly-cited value for α is 1/7 (≈ 0.14) but various experiments in literature have 
uncovered differing values of α for different atmospheric and surface conditions [22-
25]. The main drawback of the power-law profile is its inability to explicitly account 
for these varying conditions, namely in the form of the atmospheric stability and surface 
roughness. Even though there have been research conducted into casting α as an explicit 
function of atmospheric stability and surface roughness [26,27], such methods are not 
widely adopted. 
 
2.1.2 Log-law profile 
 
An alternative to the power-law profile that does account for the surface roughness is 
the log-law profile model. It is commonly stated together with a stability correction 
term which corrects the base log-law profile for different atmospheric stabilities. The 
profile equation is given by: 
 𝑢 = 𝑢*𝜅 (ln ( 𝑧𝑧0) + Ψ (𝑧𝐿)) (2) 
 
where z0 is the roughness length, which parameterises the surface roughness, and Ψ is 
the stability correction function which takes the argument z/L where L is the Monin-
Obukhov length, a parameterisation of atmospheric stability. u* and κ are the friction 
velocity and von Kármán constant, respectively. Unlike the power-law profile, the log-
law profile accounts explicitly for the surface roughness and atmospheric stability 
through the parameters z0 and L. However, this comes at a price of much increased 
complexity in working with the profile equation. To fully define the profile, four 
parameters or constants have to be determined or assumed and an appropriate form of 
the stability correction function, which itself contains additional empirical constant(s), 
have to be selected. The effects of the parameters on the profile shape are also less 
obvious compared to the effects of α on the power-law profile shape. To that end, 
Holtslag et al. investigated the effects of z0 and L on the log-law profile shape and 
reported the results in their recent paper [28]. They found that varying z0 results in a 
change in the predicted wind speeds, essentially a translation of the profile curve along 
the speed-axis, but does not change the profile shape. Varying L changes the wind shear 
with the wind speed increasing more quickly with height under a stable condition as 
compared to neutral, whereas the wind speed increases more slowly under an unstable 
condition. 
 
2.1.3 Other profile models 
 
In the effort to achieve better predictions of the observed vertical wind profiles obtained 
in experimental studies, several authors have proposed modifications to the basic wind 
profile models described above. One example is Gryning et al. [8] who attempted to 
construct a wind profile that can produce more accurate predictions of wind speeds 
throughout the entire atmospheric boundary layer, up to a height of 1000 m. The authors 
were particularly interested in correcting the profile for heights above the surface layer 
where the performance of the log-law profile is known to be poor. By modifying the 
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length scale used in the derivation of the original log-law profile, they were able to 
derive new profile equations for atmospheres with neutral, stable, and unstable 
stratification. A similar attempt to obtain an extended boundary-layer profile, valid only 
for the neutral stratification, was also attempted earlier by Deaves and Harris [29]. In 
their so-called Deaves & Harris model, a correction function in the form of a parabolic 
function is added to the log-law wind profile. By introducing the boundary-layer height 
as an additional parameter, the resulting profile equation represents a more realistic 
bounded boundary layer as opposed to the infinite boundary layer modelled by the 
power-law or log-law profile models. 
 
Another study that investigated boundary-layer wind profiles was reported by Grachev 
et al. [30] who re-examined some of the assumptions used in deriving the wind profile 
equations, specifically when applied to an unstably-stratified atmosphere. By using 
revised parameterisations more appropriate for a highly-convective boundary layer, 
they obtained expressions which suggest that the wind speed in a convective 
atmospheric boundary layer scales with the -1/3-power of vertical height. It was 
concluded that the new resultant profiles were a better match with the experimental 
observations. Interestingly, the 1/3-exponent also appears in some suggested forms of 
the log-law stability correction function for an unstable convective atmosphere [31]. 
 
 
2.2 Proposed wind shear profile models 
 
The main impetus of this study is to assess the suitability of the power-law wind profile 
when applied in the tropics. Aside from the power-law model (Eq. 1), two alternative 
wind profile models are introduced here that can better fit the wind profiles obtained 
from the observation data. The two alternative profile models will be referred to as the 
-1/3-exponent model and the arctangent ('arctan') model. 
 
2.2.1 -1/3-exponent model 
 
The -1/3-exponent model was inspired by the expressions derived in Grachev et al. [30] 
which suggest that the wind speed u scales with the -1/3-power of vertical height z (i.e. 
z-1/3) in the free convection limit. Specifically, the Equations (15) and (17) obtained in 
the paper, which represent convectively-unstable conditions, can both be easily 
rearranged to the form given by Equation (3) below. Hence, the profile equation for the 
-1/3-exponent model is: 
 𝑢 = 𝑢𝛽 − 𝛽𝑧−13  , 𝛽 > 0 (3) 
 
with the parameters uβ and β. Unlike the power-law and log-law profiles, where the 
wind speed can increase without bounds as height increases, the wind speed in the -1/3-
exponent model profile tends towards a finite value as the height increases. In this case, 
the parameter uβ determines this limiting wind speed and β determines how quickly the 
profile converges towards the limit. Another feature of the -1/3-exponent model profile 
is that the zero wind speed occurs at some non-zero height above the surface. This 





2.2.2 Arctangent model 
 
The profile equation of the arctan model, which was inspired solely by the shape of the 
observed wind profiles, is: 
 𝑢 = 𝑢𝜏 (2𝜋) tan−1(𝜏𝑧)  , 𝜏 > 0 (4) 
 
where uτ and τ are the parameters. Similar to the -1/3-exponent model, the wind speed 
in the arctan model is bounded. However, unlike the -1/3-exponent model, zero wind 
speed occurs on the surface at z = 0. The parameter uτ determines the limiting wind 
speed of the profile whereas τ determines how quickly the profile converges towards 
that speed with increasing height. 
 
 
3. Data and methodology 
 




Figure 1: A satellite map showing the location of Pulau Bukom (Bukom Island) off the 
southwestern coast of Singapore with a zoomed insert showing the immediate vicinity 
of the lidar site. The location where the lidar was situated is marked by the yellow point. 








Figure 2: Percentage of 38-m wind data recorded in each of four direction quadrants for 
the seasons AM, JJAS, ON, and DJFM. The four direction quadrants are: northeast (NE 
0°-90°), southeast (SE 90°-180°), southwest (SW 180°-270°), and northwest (NW 
270°-360°). 
 
Wind data for this current study were collected on Pulau Bukom, an island off the 
southwest coast of Singapore, by means of a ZephIR 300 lidar unit. The island, whose 
location is shown on the map in Fig. 1, is about 4.5 km across and primarily houses an 
oil refinery and storage facility. Its terrain is entirely flat, and the surface comprises of 
man-made structures such as oil tanks and refinery buildings. The lidar was physically 
situated on the southeastern tip of the island at the coast, away from the main refinery 
plant. 
 
Located at 1° N latitude, Singapore experiences typical tropical weather patterns 
characterised by strong sunshine, high rainfall, and relatively constant temperature 
throughout the year. The country also experiences the Asian monsoon which dominates 
the local wind pattern. There are two main monsoon seasons. During the southwest 
monsoon (JJAS), which lasts from June to September, winds predominantly come from 
the south. During the northeast monsoon (DJFM), which lasts from December to 
March, the winds switch to the opposite direction and predominantly come from the 
northeast. Winds during the northeast monsoon are also typically stronger than during 
the southwest monsoon. During the intervening inter-monsoon seasons which last from 
April to May (AM) and from October to November (ON), the winds are weaker than 
during the monsoon seasons and their direction is variable. A check with the collected 
wind direction data confirms that the monsoon characteristics of the wind were 
captured. This is shown in Fig. 2 where the percentages of wind data recorded in each 
of four direction quadrants (northeast, southeast, southwest, and northwest) are shown 
7 
 
for each of the monsoon and inter-monsoon seasons. The definitions for ‘night’ and 
‘day’ in the figure are explained in Section 3.3. With regards to the temperature, 
Singapore experiences its warmest months during the southwest monsoon when the 
daytime temperature is typically above 30 °C. The coolest months are the northeast 
monsoon months of December and January when monsoon surges from the Greater 
Asian continent can sometimes cause the temperature to fall below 25 °C. 
 
Another phenomenon experienced at the observation location is the diurnal variation of 
the wind owing to the coastal geography. Fig. 3 shows a plot of the hourly wind speed 
at the height of 10 m averaged over the entire period of the collected data. It shows a 
clear diurnal variation of the wind speed. 
 
3.2 Experiment and Data Measurement 
 
Lidar (LIght Detection And Ranging) [32,33] is a remote sensing device that was first 
developed in 1970s using gas laser but has further matured using solid state sources and 
telecommunication-based components. They operate with lasers of wavelength in the 
order of microns and operates based on the interaction of laser with the natural aerosols 
in the atmosphere (such as particles of dust, droplets, etc.) which results in back 
scattering of small fraction to the receiver. The motion of the particles helps measure 
wind speed and direction through the Doppler shift effect. This frequency shift is 
quantified by interacting the return signal with the original beam and identifying the 
beats at different frequency on a photodetector. Lasers offers the new remote sensing 
opportunity compared to conventional tall wind masts that requires site permitting, 
working at height, increased uncertainty of data reliability in complex sites and 
inadequate wind mast heights. 
 
In the present study, ZephIR 300 lidar commercial model was used to measure wind 
characteristics from 10 m up to 200 m at a sampling rate of 50 Hz. A Campbell 
Scientific CR800 datalogger is connected to the ZephIR 300, which transmits data over 
modem. The overall device is a mobile unit that can be handled and deployed easily in 
remote places. In the present study, firstly the lidar was deployed on the shores of Pulau 
Bukom at the coordinates 1.2241° N, 103.7788° E. Secondly, wherever possible, IEA 
recommended practices for deploying and operating the lidar profiler and data quality 
control have been followed [34]. The lidar profiler was calibrated by the manufacturer 
and the calibration accuracy was validated against the measurements from a met mast. 
The calibration uncertainty ranged less than 0.1% and overall variation in calibration 
of less than ±0.5% is assured. 
 
3.3 Data processing 
 
Data were collected for an almost one-year period from 21 November 2014 to 5 
November 2015. Aside from a short break that occurred from 15 to 17 March 2015 due 
to equipment maintenance, there were no breaks in the data time series. Wind speed 
data were recorded at 11 heights of between 10 m and 200 m to form a vertical wind 
profile and these were logged at a rate of approximately 3 times per minute by the lidar 
datalogger. The heights at which the wind speeds were measured are: 10, 20, 30, 38, 
50, 60, 75, 90, 120, 150, and 200 m. The recorded wind profiles were then scrutinised 
and those with missing entries at any of the measurement heights were discarded. The 
valid profiles were then sorted according to the season and the local time (UTC +8) at 
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which they were recorded. For the seasonal analysis, the four monsoon and inter-
monsoon seasons described earlier (AM, JJAS, ON, DJFM) were used. For the diurnal 
analysis, the profiles were classified as either a daytime 'day' profile or a night-time 
'night' profile. Using Fig. 3 as a reference, the night period is defined as between 2200 
and 1000 hrs and the day period between 1000 and 2200 hrs in order to equally divide 
the amplitude of the wind speed cycle into two halves. The sorted profiles for each 




Figure 3: Averaged hourly wind speed (at 98% confidence interval) at 10 m showing a 
clear diurnal cycle. Times shown are in local time (UTC +8). 
 
3.4 Parameter determination and model error calculations 
 
In order to assess the suitability of each of the profile models in their ability to reproduce 
the real averaged wind profile, a set of model parameters must first be determined by 
utilising the lidar observations. The errors between the model profile based on the 
parameters and the measured profile were then used as a gauge of the suitability of the 
model. A smaller error implies that the modelled profile matches more closely with the 
observed wind profile and thus can better predict the real-world condition. Qualitative 
observations of the modelled profiles versus the observed wind profiles were also made. 
For the power-law profile, curve fitting was performed by means of the ordinary least-
squares linear regression method applied on the logarithm of Equation (1), which yields 
a linear expression. Hence, the parameter α can be determined from the regression. 
 
For the other two profile models, namely the -1/3-exponent model and the arctan model, 
curve fitting was achieved by non-linear iterative least-squares regression directly on 
the profile Equations (3) and (4) with the initial guesses for the parameters as uβ , uτ = 
1 m s-1 and β , τ = 0.1 . 
 
The errors for the respective model profiles were accounted for by the sums of the 
squared errors (SSEs). These were evaluated by first squaring at each observation 
height the difference of the wind speed between the measured wind profile and that 
predicted by the model. The differences were then summed up for all 11 of the 
observation heights. For the sake of clarity, the terms SSEpow, SSE1/3, and SSEtan are 
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used to denote the SSEs for the power-law profile, the -1/3-exponent profile, and the 
arctan profile, respectively. 
 
 
4. Results and discussion 
 
The three profile models are discussed in the below sections with reference to Fig. 4, 
which shows the measured vertical wind profiles and the model profiles for the four 
seasons (AM, JJAS, ON, and DJFM) and the two diurnal time periods, night and day. 
The observed profile and the corresponding model profile were plotted on top of each 
other to allow qualitative comparisons of their shapes. 
 
We can infer from Fig. 4 the seasonal and diurnal variations of the observed wind speed. 
The highest wind speeds were recorded in the DJFM season, followed by JJAS, and 
then followed by the inter-monsoon seasons. This is consistent with the known seasonal 
variation of the wind speed described earlier in Section 3.1. Diurnally, it can be 










Figure 4: Plots of the observed wind profiles and the three fitted profile models (power 
law, -1/3-exponent, and arctan) for the four seasons (AM, JJAS, ON, and DJFM) and 
the two diurnal time periods (night and day). The solid lines with square markers are 
the measured profile curves with the markers at the observation heights. The dashed 
lines are the three fitted model curves.  
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4.1 Results for power-law profile 
 
Fig. 5 is a plot of the values of α obtained from the curve fitting. These values are also 
tabulated in Table 1. From the figure and table, α can be seen to vary seasonally with 
the smallest value obtained in AM. It then increases through the seasons of JJAS and 
ON, and the largest value is obtained in DJFM. The seasonal variation is the same for 
both the night and day profiles. In addition, α shows a clear diurnal variation with the 
values obtained from the night profiles being consistently larger than that obtained from 
the corresponding day profiles. Interestingly, the only value of α that is close to the 
commonly-cited value of 1/7 is that from the DJFM night profile. This is also the largest 
value of α obtained in this study. While α alone cannot be considered as a reliable 
indicator of the atmospheric stability, the DJFM night profile does correspond to a mean 
atmospheric condition with the lowest temperature among all of the profiles. This might 
suggest that the observed tropical atmosphere is inherently unstably stratified and that 
a neutral stability assumption cannot realistically apply.  
 
Figure 5: Plot of the fitted values of α. The upper line is obtained from the night 
profiles whereas the lower line is from the day profiles. 
 
 α 
 night day 
AM 0.097 0.061 
JJAS 0.098 0.070 
ON 0.117 0.072 
DJFM 0.129 0.093 
Table 1: Tabulated values for α. 
 
From Fig. 4, it can be concluded that the fitted power-law curves are unable to fully 
capture the shape of the measured wind profiles that all exhibit a 'knee' at the height of 
about 20 m to 40 m where the wind gradient (rate of increase of the wind speed with 
respect to height) decreases sharply. Above the knee, the wind speed plateaus rapidly 
and reaches a near constant at the height of about 60 m. This behaviour of the measured 
profiles is in contrast to that displayed by the power-law curves where, in line with the 
shape of the power-law function, the decrease in the wind gradient is smooth and 
gradual. The result is an under-prediction of wind speeds by the fitted power-law 
profiles at the lower heights and an over-prediction at the upper heights. While the 
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observed errors in wind speed appear to be small, this, together with the generally low 
wind speeds, can result in fairly large errors for some applications such as in the 
prediction of wind power output where the power scales with the cube of wind speed. 
For example at the 200 m height, the error in power prediction for DJFM day (observed: 
5.79 m s-1 vs. power law: 6.13 m s-1) would be about 19%. Even the relatively small 
error in wind speed for JJAS day (observed: 4.96 m s-1 vs. power law: 5.10 m s-1) would 
result in an error of about 9%. Another observation specific to the measured night 
profiles is the existence of an inflection point at about 100 m, above which the wind 
gradient starts to increase. The reason for this is unclear but one can assume that it is 
related to the more stably stratified (or less unstably stratified) atmosphere associated 
with the night-time conditions. While this feature allows the power-law profiles to more 
closely fit the observed wind profiles, it does not change that the fundamental shape of 
the profile was not captured. 
 
4.2 Results for -1/3-exponent model 
 
Figs. 6a and 6b and Table 2 show the curve-fitted values of parameters uβ and β for the 
-1/3-exponent profile model. From Fig. 6a, it can be observed that uβ has the largest 
value in DJFM, followed by JJAS, and then followed by the inter-monsoon seasons 
AM and ON. Noting that uβ is the wind speed a fitted profile converges to and thus is a 
proxy of the observed wind speeds, this implies that the observed wind speeds were the 
highest during DJFM, followed by JJAS, and then by the inter-monsoon seasons. This 
is consistent with the known seasonal variation of the wind speed as described earlier. 
Diurnally, the observed values of uβ are larger for the day profiles as compared to the 
night profiles. This implies that the wind speeds are higher during the day than during 
the night. This is in agreement with the diurnal variation of the wind speed observed in 
the power-law results. 
  
 
Figure 6: Plots of the fitted values of parameters (a) uβ and (b) β. 
 
 uβ β 
 night day night day 
AM 4.43 4.98 3.43 2.74 
JJAS 5.29 5.60 4.12 3.39 
ON 4.04 4.45 3.58 2.80 
DJFM 6.55 6.88 6.19 5.21 




The parameter β is observed in Fig. 6b to have the largest value in DJFM, followed by 
JJAS. The smallest values are obtained in the inter-monsoon seasons and both seasons 
yield similar values. Recall that β controls the sharpness of the knee and thus determines 
how quickly a fitted profile converges towards uβ, with a smaller β indicating faster 
convergence with height. This implies that the fitted profiles converge most rapidly 
during the inter-monsoon seasons, followed by JJAS, and then by DJFM, which is the 
slowest. It is interesting to note that the seasonal variation of β is the same as uβ but is 
not at all correlated to that of α or τ (τ is described in the next section.). This might be 
explained as an artifact of the fact that the -1/3-exponent model is different from the 
power-law and arctan models in that the wind speed in the -1/3-exponent profile does 
not go to zero at height z = 0. Diurnally, β is observed to be larger for the night profiles 
as compared to the day profiles. This implies that the fitted profiles converge faster 
during the day than during the night. Since the inflection point in the measured night 
profiles has the effect of extending the knee of a fitted profile and thus making it more 
blunt, this diurnal result is expected. 
 
4.3 Results for arctan model 
 
Fig. 7a and Fig. 7b and Table 3 show the curve-fitted values of parameters uτ and τ for 
the arctan profile model. From Fig. 7a, it can be observed that uτ has the largest value 
in DJFM, followed by JJAS, and then followed by the inter-monsoon seasons AM and 
ON. Noting that uτ is the wind speed a fitted arctan profile converges to and thus is an 
indicator of the observed wind speeds, this implies that the observed wind speeds are 
the highest during DJFM, followed by JJAS, and then by the inter-monsoon seasons. 
This is again consistent with the known seasonal variation of the wind speed as 
described earlier. Diurnally, the observed values of uτ are, similar to uβ, larger for the 
day profiles as compared to the night profiles. This implies that the wind speeds are 
higher during the day than during the night. This is in agreement with the diurnal 
variation of the wind speed observed in the power-law results and it also matches the -
1/3-exponent model results. 
  
 










 uτ τ 
 night day night day 
AM 3.80 4.48 0.205 0.299 
JJAS 4.53 4.97 0.202 0.278 
ON 3.39 3.95 0.169 0.244 
DJFM 5.40 5.94 0.159 0.204 
Table 3: Tabulated values for the parameters uτ and τ. 
 
The parameter τ is observed in Fig. 7b to have the largest value in AM. τ  then decreases 
through the seasons JJAS and ON, and the smallest value is obtained in DJFM. Recall 
that τ, analogous to β, controls the sharpness of the knee and thus determines how 
quickly a fitted arctan profile converges towards uτ, with a larger τ indicating faster 
convergence with height. This implies that the fitted profiles converge most rapidly 
during AM and most slowly during DJFM. The seasonal variation is, aside from both 
having the slowest convergence during DJFM, not the same as the one inferred from β. 
Diurnally, τ is observed to be larger for the day profiles as compared to the night 
profiles. This implies that the fitted arctan profiles converge faster during the day than 
during the night. The diurnal variation is in agreement with that inferred from β and 
could be attributed to the same effect of the inflection point. 
 
Another interesting observation is the apparent inverse correlation that exists between 
τ and α which is evident when comparing Figs. 5 and 7b. From Fig. 5, α is larger for 
the night profiles when compared to the day profiles but in Fig. 7b, τ is smaller for the 
night profiles. Furthermore, the value of α increases through the seasons from AM to 
DJFM but in the case of τ, it decreases. The reason for this relationship can be attributed 
to how the fitted profile curves attempt to capture the shape of the measured wind 
profiles. For the case of a power-law fit, a smaller α is indicative of a sharper decrease 
of the wind gradient with height whereas for the case of an arctan model fit, this would 
translate into a sharper knee and result in a larger value of τ. 
 
4.4 Results and comparison of the SSEs 
 
Fig. 8 shows the comparison plot of the SSEs for the three profile models: power-law, 
-1/3-exponent, and arctan. The errors appear to be the largest during the DJFM season 
as can be seen clearly in the figure. One may also note that the errors vary seasonally 
and diurnally in a similar manner for all the three profile models, except for the arctan 
model during DJFM. For all profile models, the night and day errors are similar during 
AM, while during JJAS the error is larger during the night. During ON, however, the 
trend reverses and the day error becomes larger. During DJFM, the day error remains 
larger than the night error for the power-law and -1/3-exponent profile models, while 
the night error becomes the larger one for the arctan model. This is interesting as the 
measured DJFM night wind profile has the most pronounced inflection point among all 
the profiles and is perhaps the closest match to the profile of a traditional power-law 
curve. It explains why the power-law curve for DJFM night achieves a smaller error 
compared to the corresponding day curve while the arctan model, which have a much 
sharper drop in the wind gradient with height, demonstrates the opposite. Overall, as 
evident in Fig. 4, the -1/3-exponent and arctan models (for the day profiles at least) still 
suffer the same issue of overprediction at higher heights and underprediction at lower 
heights as the power-law profile model. However, they are able to achieve smaller 
15 
 
fitting errors because the shapes of their profile curves are able to more closely match 
that of the measured wind profiles. 
 
 
Figure 8: Comparison of the sum-of-squared errors (SSEs) of the three profile models. 
 
Comparing the errors of the three profile models, it is clear that the arctan model is the 
best performing model, followed by the -1/3-exponent model, and then lastly the power 
law. All the errors observed for the power-law model are larger than the corresponding 
errors for the -1/3-exponent model and these were in turn larger than those for the arctan 
model. Even the -1/3-exponent profile model, which is based on the free convection 
theory, is unable to outperform the arctan profile model, which is inspired solely by the 
shape of the observed wind profiles. It thus appears that the real wind profiles observed 
in this study have wind gradients that decrease so rapidly with height that the arctan 
profile model results in better predictions. 
 
4.5 Directional properties of uτ and τ 
 
After concluding that the arctan model is superior in the previous section, we now 
investigate the profile parameters further. Fig. 9 shows the values of uτ obtained when 
considering winds coming from only one of four directional quadrants, as defined by 
the wind direction measured by lidar at the 38 m height. The quadrants are: northeast 
(NE), southeast (SE), southwest (SW), and northwest (NW). It can be seen for the 
DJFM season in Fig. 9d that the largest uτ is recorded in the NE quadrant whereas the 
smallest is in the SW quadrant. Noting again that uτ is a proxy of the average wind 
speed, it can be deduced that the strongest winds during DJFM come from the 
northeastern quadrant. This is expected as that is the direction of the prevailing 
northeast monsoon winds during DJFM. For JJAS, in Fig. 9b, the strongest winds can 
be seen to come from the SE quadrant, followed by SW, and with the weakest winds 
from the NE quadrant. While there appears to be a contradiction with the prevailing 
wind direction during the southwest monsoon, it is known that the southwest monsoon 
winds in Singapore during JJAS tend to be more southerly rather than southwesterly 
[35]. Thus, the results simply show that the southerly winds with easterly components 




The results obtained for the inter-monsoon seasons are less obvious, as one would 
expect given the variable wind direction during the two inter-monsoon seasons. For 
AM (Fig. 9a), the strongest winds come from the SE and NE quadrants, which 
apparently show the transition from the NE-dominant winds during DJFM to the SE-
dominant winds during JJAS. For ON (Fig. 9c) however, such transition characteristics 
are absent. The strongest winds come from the NW quadrant during the day hours but 
come instead from the SE quadrant during the night hours. Compared to the seasonal 
influence, the diurnal influence on the directional variations of uτ is also not apparent. 
In almost all cases, with the exception of NW quadrant during AM, SE quadrant during 
ON, and SW quadrant during DJFM, the day values of uτ are larger than the 
corresponding night values. This is the same trend observed in the non-directional 
analysis reported in the Section 4.3. While the exception cases may be seen as the 
direction-specific diurnal influences, the fact that they occur in different quadrants 
during different seasons mean that no meaningful conclusions can be drawn. It is 
observed that the directional variation of uτ is seasonally influenced, most notably for 
JJAS and DJFM where the quadrant with the largest value of uτ coincide with the 
direction of the prevailing wind. While this by itself does not preclude the existence of 
non-seasonal direction-only influences, the lack of a consistence pattern of variation 
across the different seasons implies that such effects are overshadowed by the seasonal 
influence. As such, it can be concluded that the seasonal influence on the directional 




Figure 9: The parameter uτ in the four directional quadrants for seasons (a) AM, (b) 
JJAS, (c) ON, and (d) DJFM. The four quadrants are: northeast (NE 0°-90°), southeast 






Figure 10: The parameter τ in the four directional quadrants for seasons (a) AM, (b) 
JJAS, (c) ON, and (d) DJFM. The four quadrants are: northeast (NE 0°-90°), southeast 
(SE 90°-180°), southwest (SW 180°-270°), and northwest (NW 270°-360°). 
 
 
From Fig. 10, which shows the directional results for τ, it can be observed that (with 
the exception of DJFM night) all the seasons follow the same trend: the largest τ in the 
SW quadrant, followed by the easterly quadrants, and then lastly the smallest τ in the 
NW quadrant. Recall that a larger τ indicates a sharper knee. This implies that the profile 
of winds coming from the southwestern quadrant has the sharpest knee whereas that 
coming from the northwestern quadrant has the bluntest. The consistency of the results 
across the different seasons and night/day gives confidence to the observation and it 
can be inferred that τ is influenced by properties of the atmospheric flow that vary with 
direction but remain constant throughout the year in each direction. A strong possibility 
for such a property is the surface roughness. The reason as to why the DJFM night result 
does not follow the trend may be attributed to the very-pronounced inflection point 
noted in the DJFM night profile distorting the curve-fit results. In all, it was shown here 
that the variation of average wind speed with direction is predominantly influenced by 
seasonal changes whereas that of the sharpness of the profile knee is controlled by the 










Figure 11: Plots of the observed variation in the prevailing wind direction with height 
for the four seasons (AM, JJAS, ON, and DJFM) and the two diurnal time periods (night 
and day). Directions are measured in degrees clockwise from the cardinal north. The 
square markers denote the observation heights. 
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4.6 Wind direction profiles 
 
Fig. 11 shows the observed variation in the prevailing wind direction with height (i.e. 
the wind direction profile) for the four seasons and the two diurnal time periods. The 
wind directions are obtained by taking the vector mean of the wind velocity at each 
height and then using the direction of the resultant mean vector. Following 
meteorological conventions, the wind directions reported here are the direction where 
the wind is coming from, measured clockwise from the cardinal north. 
 
The observed wind direction profiles can be characterised by the direction of the 
prevailing wind as well as by the sense of the wind veering with height. Considering 
first the main monsoon seasons of JJAS and DJFM, it can be seen that the prevailing 
wind is predominantly southwesterly during JJAS and northeasterly during DJFM. This 
is in line with the known seasonal trend in the wind direction represented in Fig. 2. 
Furthermore, in most cases the wind veers overall towards the left with increasing 
height with the exception of the JJAS night profile, which veers towards the right. The 
DJFM night profile also exhibits a peculiar characteristic where the wind initially veers 
towards the left, but the veering then reverses with further increase in height. For the 
inter-monsoon seasons, both day profiles exhibit similar characteristics to each other 
and they are also similar to the JJAS day profile in terms of the prevailing wind direction 
and the sense of the veering. The night profiles, however, are different from each other 
with the AM night profile being more similar to JJAS night whereas the ON night 
profile is more similar to DJFM night. Overall, the range of the veering observed within 
the lowest 200 m boundary layer ranges from between 4° to 12° with the most 
pronounced veering occurring within the lowest 40 m. 
 
4.7 Practical implications 
 
The results obtained for the observed wind profiles have practical implications for the 
application of wind energy in the deep tropics. It was noted that the measured profiles 
exhibit a knee where the wind gradient drops sharply across it and that the wind speed 
above the knee rapidly plateaus. The wind speed increments above the 60 m height are 
small in most cases. While the night profiles also display an inflection point at above 
100 m where the wind gradient increases again, wind speeds in the night profiles are 
lower compared to the day profile of the same season. Thus, unlike in the extra-tropics 
where wind turbine towers are built to immense heights to capture the higher wind 
speeds, towers of heights above 60 m might be unnecessary in the tropics and would 
not result in significantly higher power generation. Also, the measured wind speeds 
were low, as expected, with the highest mean wind speed at 90 m being only 5.7 m s-1, 
obtained for the DJFM day profile. This means that wind turbines designed specifically 







Figure 12: Plot of the lidar wind profile and the three predicted model profiles (power 
law, -1/3-exponent, and arctan) for DJFM day. The plot is the same as the ‘DJFM day’ 
panel in Fig. 4 but with a rescaled wind speed axis. 
 
Furthermore, it was demonstrated that the arctan model is the superior model in 
predicting the tropical vertical wind profile. Fig. 12 shows the observed lidar profile 
plotted together with the three model profiles for DJFM day and serves to illustrate this 
point. Unlike the power law, which is a scaling model with a single parameter, the 
arctan profile model has two parameters that completely determine the profile without 
any extrapolation. This gives some insights into the nature of the observed wind 
profiles. Firstly, the wind speed that the profile converges to above the knee (and 
parameterised by uτ) is independent of the wind speeds measured at any of the lower 
heights. This means that the value of this definitive wind speed must be determined 
separately through measurements at a significant height above the ground. The 
traditional method of extrapolating wind speed from a lower height no longer apply and 
the wind speed measured near the surface, such as at 10 m, cannot be used for predicting 
wind speeds at typical wind turbine hub heights. Secondly, two wind speed 
measurements are required to fully determine the profile. This second measurement 
must be made within the knee of the profile and can be used to determine the parameter 
(in this case, τ) which controls its sharpness. 
 
In practice however, it is still possible to construct an arctan model profile, through 
mathematical manipulation, from wind speed measurements at two separate heights 
near the surface. In such an approach, the sharpness of the knee can first be inferred 
from the two measurement points and the value of τ is calculated by iteration. The 
parameter uτ can then be determined using either of the measurement points given the 
known value of τ. This approach is not ideal as it can be seen in Fig. 12 that the 
discrepancy between the model profile and the observed profile is the largest at heights 
near the surface within the knee and would thus make a relatively poor basis for the 
construction of a model profile. Nevertheless, the arctan model still outperforms the 
power-law model at these heights and the constructed arctan model profile would likely 








From this study, it was found that the fitted power-law profiles were unable to capture 
the shape of the measured wind profiles due to a sharp drop in the wind gradient across 
a knee in the observed profiles and the subsequent plateauing of the wind speed above 
the knee. The power-law curves were unable to capture the sharp decrease in the wind 
gradient and the shape of the curves also did not accommodate the feature of a 
plateauing wind speed. With regards to the wind shear coefficient α, the values obtained 
in this study were always lower than the commonly-cited value of 1/7. In light of these 
observations, it was suggested that there is likely little value in having wind turbines in 
the tropics above the height of 60 m. It was also suggested that the power-law model 
should not be used as a basis for wind speed prediction in the tropics. 
 
Next, two alternative profile models were introduced that were able to better fit the 
observed wind profiles. They are the -1/3-exponent model and the arctan model. A 
systematic investigation of the seasonal and diurnal characteristics of their parameters 
was reported. By comparison of the sum-of-squared errors, it was determined that the 
arctan profile model was able to produce the best predictions. This is likely due to its 
ability to better capture the sharp decrease in the wind gradient across the knee. The 
results also imply that the wind speed above the knee must be measured separately and 
cannot be extrapolated from a lower height, although a procedure was described where 
two near-surface measurements can be used as a proxy. 
 
While the work reported here is certainly not the definitive word on the matter, it was 
shown that there are significant discrepancies between the behaviour of the tropical and 
extra-tropical atmospheres within the boundary layer. Thus, more research into the 
tropical atmospheric boundary layer is needed to achieve a more comprehensive 
understanding of its characteristics and attain greater confidence in the prediction of 
wind speeds for practical applications. The introduction of the arctan model in the 
present work will enhance the confidence in using a simple estimation procedure for 
tropical regions, similar to the power-law for the mid-latitude regions. 
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